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S o l u t i o n s  of  c o n s t r a i n e d  o p t i m i z a t i o n  p r o b l e m  mi? in ize  a n  o b j e c t i v e  
f u n c t i o n ,  E ,  s u b j e c t  t o  g iven  c o n s t r a i n t s .  I n  aerodynamic a p p l i c a t i o n s  , t h e  
o b j e c t i v e  f u n c t i o n  and t h e  c o n s t r a i n t  f u n c t i o n s ,  f i ,  i = 1, 2 ,  . . ., depend 
on t h e  f l o w  f i e l d  s o l u t i o n ,  E. 
a p p l i c a b l e  t o  s i t u a t i o n s  in which t h e  f l o v  govern ing  e q u a t i o n s  a r e  n o n l i n e a r  
e q u a t i o n s  t h a t  a r e  s o l v e d  i t e r a t i v e l y .  
The o p t i m i z a t i o n  scheme developed h e r e  i s  
Convent iona l  o p t i m i z a t i o n  ne thods  (e .g . ,  t h e  s t e e p e s t  d e s c e n t  nethod and 
t h e  c o n j u g a t e  g r a d i e n t  method) a r e  i t e r a t i v e  procedures  t h a t  r e q u l r e  t h e  
e v a l u a t i o n  of t h e  o b j e c t i v e  f u n c t i o n  nany t i n e s  b e f o r e  t h e  converged opt ini in  
s o l u t i o n  i s  d e t e r n i n e d .  S i n c e  E and f a r e  dependent 0'1 t h e  f l o v  s o l u t i o ? ,  o , ,  i 
i n  a d d i t i o n  t o  t h e  v e c t o r  of  d e s i g n  parameters ,  g, t h e  f l o v  govern ing  e q u a t i o n  
m i s t  be s o l v e d  each  t i n e  E and f a r e  e v a l u a t e d .  T h e r e f o r e ,  t h e  a p p l i c a t i o q  of 
c o n v e n t i o n a l  o p t i m i z a t i o n  schenes  t o  aerodynamic d e s i g n  problems l e a d s  t o  
t~70-cyc le  ( i n n e r - o u t e r )  i t e r a t i v e  Drocedures.  The i n n e r  i t e r a t i v e  c y c l e  s o l v e s  
t h e  a n a l y s l s  problem f o r  g i t e r a t l v e l y ,  w h i l e  t h e  o u t e r  c y c l e  d e t e r n i n e s  t t le  
t h e  optimum ,P i t e r a t i v e l y .  An a l t e r n a t i v e  t o  t h i s  c o s t l y  procedure i s  t h e  
ayproach based on t h e  i d e a  of u p d a t i n g  t h e  f low v a r i a b l e  i t e r a t i v e  s o l u t i o n s  
and t h e  d e s i g n  p a r a n e t e r  i t e r a t i v e  s o l u t i o n s  s i n u l t a n e o u s l y .  
1-5 i 
In t h i s  n a n u a l  ire p r e s e n t  a d e s c r i p t i o n  of  t h e  o p t l m i z a t i o n  schene.  The 
f o r n u l a t i o n  p r e s e n t e d  i s  t h a t  f o r  o p t i n i z i n g  t h e  d e s i g n  o f  a p r o p e l l e r  
b y  naximiz ing  s i t s  e f f i c i e n c y ,  s u b j e c t  t o  a g iven  poirer c o n s t r a i n t .  The E u l e r  
e q u a t l o n s  a r e  assumed t o  b e  t h e  f low govern ing  e q u a t i o n s .  An i n p l i c i t  
approximate  f a c t o r i z a t i o n  schene i s  used t o  compute t h e  f low f i e l d  about  
t h e  p r o p e l l e r .  
5 
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TECHNICAL BACKGROUND 
The p r o p e l l e r  d e s i g n  problem i s  c a s t  i n t o  a n  o p t i n i z a t i o n  formula t ion  i n  
which t h e  o p t i n u n  d e s i g n  parameter  v e c t o r ,  P , i s  t o  b e  determined such t h a t  * - 
E(?*; g )  = n i n  E(!; g >  - I 
P - 
s u b j e c t  t o  t h e  c o n s t r a i n t  
fQ; 3 )  = 0 - 
w i t h  t h e  f l o v  v a r i a b l e  v e c t o r  g s a t i s f y i n g  t h e  f low governing e q u a t i o n  - 
s u b j e c t  t o  t h e  boundary c o n d i t j o n  
Our o b j e c t i v e  i s  t o  maximize t h e  p r o p e l l e r  e f f i c l e n c y ,  0 .  
f u n c t i o n  i s  t h e r e f o r e  d e f i n e d  by 
The o b j e c t j v e  
E = -rl 
( 4 )  
The p r o p e l l e r  poxer  requi rements  a r e  c o n s t r a i n e d  t o  a s p e c i f i e d  v a l u e  through 
t h e c on s t r a i n t fun c t i on 
€ = C  - c  
Equat ion  ( 3 )  3s t h e  sys tem of E u l e r  e q u a t i o n s  govern ing  t h e  f l o w  f i e l d ,  and  
Equat ion  ( 4 )  i s  t h e  p r o p e l l e r  s o l i d  r ra l l  boundary c o n d i t i o n .  The v e c t o r  of 
d e s i g n  parameters  , I?, d e f i n e s  t h e  p r o p e l l e r  g e o m e t r i c a l  c o n f i g u r a t i o n .  
P P O  
The g o a l  o f  t h e  o p t i m i z a t i o n  schene  i s  t o  d e t e r m i n e  t h e  v a l u e s  of t h e  
d e s i g n  parameters  t h a t  m i n i n i z e  t h e  o b j e c t i v e  f u n c t i o n ,  E ,  s u b j e c t  t o  a n  
e q u a l i t y  c o n s t r a i n t .  A s e a r c h  must t h e r e f o r e  be conducted i n  t h e  d e s i g n  
parameter  s p a c e  E f o r  t h e  optinum s o l u t i o n ,  E * .  
n o s t  c o n v e n i e n t l y  s o l v e d  i n  t h e  r o t a t e d  d e s i g n  parameter  s p a c e  i, w i t h  t h e  
P1 c o o r d i n a t e  normal  t o  t h e  c o n s t r a i n t  s u r f a c e  and t h e  P^ c o o r d i n a t e s ,  v h e r e  
L 2 ,  3 ,  . . . , L, p a r a l l e l  t o  t h e  c o n s t r a i n t  s u r f a c e .  For f i x e d  v a l u e s  of 
t h e  components of i, l e t  










b e  t h e  i t e r a t i v e  s o l u t i o n  f o r  t h e  a n a l y s i s  problem, where 9 d e n o t e s  t h e  
s o l u t i o n  o b t a i n e d  by a p p l y i n g  t h e  i t e r a t i v e  schene f o r  s o l v i n g  t h e  E u l e r  
e q u a t i o n s  once u s i n g  I: a s  an  i n i t i a l  guess .  An i n p l i c i t  a p p r o x i n a t e  f a c t o r -  
i z a t i o n  scheme i s  used h e r e  t o  s o l v e  t h e  E u l e r  e q u a t i o n s .  It i s  d e s c r i b e d  i n  
Reference  6 .  A s  f o r  t h e  a n a l y s i s  s o l u t i o n ,  o b t a i n i n g  t h e  o p t i n i z a t i o n  s o l u -  
t i o n  r e q u i r e s  t h e  r e p e a t e d  a p p l i c a t i o n  of Equat ion (5 )  t o  update  t h e  f l o w  
f i e l d .  
l a t t e r .  
n - 
While 2 i s  h e l d  f i x e d  i n  t h e  former c a s e ,  i t  i s  al lowed t o  v a r y  i n  t h e  
The schene  used t o  update  f f o l l o w s .  
The v e c t o r  o f  d e s i g n  p a r a n e t e r s  i s  updated e v e r y  A N  i t e r a t i o n s .  
T h e r e f o r e ,  
where 
0 ,  (n+l)/AN # 1, 2 ,  3 ,  . . . ~ n + l  6_p 
( 6 )  
I n  t h e  i t e r a t i v e  s t e p s  t h a t  s a t i s f y  t h e  r e l a t i o n  ( n + l ) / ~ N  = 1, 2, 3 ,  . . ., t h e  
i n c r e n e n t a l  v a l u e s  f o r  t h e  d e s i g n  p a r a n e t e r s  a r e  g iven  by 
where 
6 P  n + l  
e 
0 
( 7 )  
(8 )  
Here, E i s  a s m a l l  p o s i t i v e  c o n s t a n t  and $" a' 
o r t h o g o q a l  u n i t  v e c t o r s  a l o n g  t h e  a x e s  of  t h e  r o t a t e d  c o o r d i n a t e  s y s t e n  
An An An P1, P2, . . ., PL. The s o l u t i o n  g" i s  a s o l u t i o n  i n  which t h e  at'' component 
o f  f i s  p e r t u r b e d  b y  E .  




The i n c r e n e n t a l  d i sp lacement  i n  t h e  d e s i g n  p a r a n e t e r  s p a c e ,  i n t r o d u c e d  s o  
t h a t  t h e  c o n s t r a i n t  nay  b e  s a t i s f i e d ,  i s  t a k e n  i n  t h e  d i r e c t i o n  n o r n a l  t o  t h e  
c o n s t r a i n t  s u r f a c e  and is determined  by t h e  chord nethod i n  S q u a t i o n  ( 7 ) .  The 
c o n s t a n t  6 P  s e t s  a n  upper  l i m i t  on t h e  magnitude of  t h i s  incrementa l  d i s -  , 
placement .  The i n c r e n e n t a l  d i s p l a c e m e n t s  g iven  by Equat ion (8) a r e  i n t r o d u c e d  
a l o n g  t h e  c o o r d i n a t e  a x e s ,  which a r e  p a r a l l e l  t o  t h e  c o n s t r a i n t  s u r f a c e  w i t h  
t h e  purpose of  r e d u c i n g  t h e  v a l u e  of  t h e  o b j e c t i v e  f u n c t i o n .  
An+l An+l t h  i n c r e m e n t a l  c o r r e c t i o n  &PA , where 6 P n  i s  t h e  a. component of t h e  v e c t o r  
ma x 
The sign of t h e  
&$;+I -TI+ 1 -A = c &Pa. 
f a l l  t o  one s i d e  of t h e  p o i n t  a l o n g  t h e  P  ^
I n  t h i s  c a s e ,  c i s  s e t  e q u a l  t o  t h e  c o n s t a n t  c which j s  g r e a t e r  t h a n  1. 
I n c r e a s i n g  t h e  n a g n i t u d e  of  t h e  s t e p  s i z e  i n  t h i s  nanner  a c c e l e r a t e s  t h e  
d i r e c t i o n  a t  which E i s  a n i n i n u n .  e 
1' 
a pproa ch 
t h e  o t h e r  
6; and P^ " a. 
toward t h e  poi ' l t  alorlg t h e  $ 
A n+l  
' hand,  i f  t h e  s i g n s  of 6P 
-A ?J 
d i r e c t i o n  a t  which E i s  a n i n i n u n .  3n 
a r e  n o t  i n  a g r e e n e n t ,  t h e n  A n+l-A " T  
e 
and 6 P R  e 
f a l l  on o p p o s i t e  s i d e s  of t h e  p o i n t  a l o n g  t h e  I? d i r e c t i o n  a t  e 
which E i s  a minimum. 
i s  l e s s  t h a n  1. 
n e c e s s a r y  f o r  convergence t o  t h e  p o i n t  a l o n g  t h e  6 
n i  n i  mum. 
I n  t h i s  c a s e ,  c i s  s e t  e q u a l  t o  t h e  c o n s t a n t  c 2 ,  which 
d i r e c t i o n  a t  which E i s  a 
Decreas ing  t h e  magnitude of  t h e  s t e p  s i z e  in t h i s  manner i s  
a. 
A ? + 1  
The updated conponents  o f  t h e  d e s i g n  parameter  v e c t o r  P - a r e  used t o  
c . a l c u l a t e  t h e  new f l o w  i t e r a t i v e  s o l u t i o n ,  gn+l ,  g i v e n  b y  
A n + l  n+l = *(gn; g 1 E - 
n + l  and t h e  p e r t u r b e d  s o l u t i o n s  ga. , a. 1, 2,  . . ., L ,  g iven  b y  
V h i l e  t h e  o p t i m i z a t i o n  procedure  i s  most s u i t a b l y  conducted i n  t e r n s  of 
t h e  t ransformed parameters  ? 
conputed i n  t e r n s  of t h e  p h y s i c a l  d e s i g n  parameters  P e ,  e = 1, 2,  . . ., L. 
e = 1, 2, . . ., L,  t h e  f l o w  s o l u t i o n  i s  R' 





I n  o r d e r  t o  e x p r e s s  t h e  t r a n s f o r n e d  des ign  p a r a n e t e r s  i n  Equa t ions  (10) a?d 
( 1 1 )  i n  t e r a s  of t h e  o r i g i n a l  des ign  p a r a n e t e r s ,  i t  i s  n e c e s s a r y  t o  use t h e  
t r a n s f o r n a t i o n  e q u a t i o n ,  which r e l a t e s  t h e s e  two s e t s  of parameters .  
e q u a t i o n  i s  
T h i s  
pn+ l  = T n + l  p+1 
" - 
n+l  where t h e  o r thogona l  t r a n s f o r n a t i o n  m a t r i x  T i s  g iven  by 
n + l  






t h  where a n  e s t i n a t e  f o r  cq t h e  II component of v f ,  i s  g iven  by R' 
f ( 2 "  + E 2"; gn> - f ( Y ;  - gn) 
P . 9 ,  
The Gram-Schmidt o r t h o g o n a l i z a t i o n  p r o c e s s ,  which u s e s  a s e t  of L l i n e a r l y  
independent  v e c t o r s  t o  c o n s t r u c t  a s e t  of L or thonormal  v e c t o r s ,  i s  used t o  
c o n s t r u c t  t h e  u n i t  v e c t o r s  1 , II = 2, 3, . . . , L,  a l o n g  t h e  r o t a t e d  a x e s  




9, = 2 ,  3 ,  . . ., L. The fo l lowing  equa t ion  i s  used f o r  t h i s  purpose:  
n+ l  
ith e r  e 
1 I n  t h e  l n i t i a l  i t e r a t i v e  s t e p ,  t h e  v e c t o r s  1 a r e  g iven  by i = e , 
a = 1, 2,  . . . , L, where _e e a 1, 2, , . . , L ,  a r e  t h e  s e t  o f  o r thogona l  "e  "e "e e '  
1, P2,  * Y  pL 
u n i t  v e c t o r s  a l o n g  t h e  a x e s  of t h e  c q o r d i n a t e  sys tem P 
While t h e  f low v a r i a b l e  v e c t o r  g i s  updated each  i t e r a t i v e  s t e p ,  t h e  
.u 
c o o r d i n a t e  sys tem i n  t h e  des ign  parameter  space  i s  r o t a t e d  e v e r y  A N  i t e r a t i o n s .  
The u n i t  v e c t o r s  ,1 
i n  t h e  i t e r a t i v e  s t e p s  t h a t  s a t i s f y  t h e  r e l a t i o n  (n+l)/AN = 1, 2 ,  3 ,  . . . 
l i k e  t h e  v e c t o r  of  d e s i g n  p a r a n e t e r s  I?, a r e  updated o n l y  e '  
TR-444107-88 5 
The o p t i n i z a t i o n  scheme d e s c r i b e d  above r e q u i r e s  t h a t  L + l  i t e r a t i v e  
p r o b l e m  b e  s o l v e d  i n  p a r a l l e l .  
s o l u t i o n s  a r e  conputed i n  which each  of t h e  d e s i g n  p a r a n e t e r s  i n  t h e  t r a n s -  
f o r n e d  space  $ 1, ?, . . ., FL i s  p e r t u r b e d .  
computer memory requi rements  a r e  t h e r e f o r e  p r o p o r t i o n a l  t o  L+1. 
t i o n  t o  t h i s  schene ,  which r e q u i r e s  t h a t  o n l y  L i t e r a t i v e  s o l u t i o n s  be 
o b t a i n e d ,  i s  now i n t r o d u c e d .  I n  t h e  modif ied procedure ,  t h e  p e r t u r b a t i o n  
s o l u t i o n  a s s o c i a t e d  w i t h  t h e  p e r t u r b e d  d e s i g n  p a r a n e t e r  i n  t h e  d i r e c t i o n  o f  
t h e  a x i s ,  n o r n a l  t o  t h e  c o n s t r a i n t  s u r f a c e ,  i s  n o t  computed. This  s o l u t i o n  
An was used i n  Equat ion (13)  t o  conpute  G1, which i s  r e q u i r e d  f o r  t h e  c a l c u l a t i o n  
o f  t h e  v e c t o r  _in+', which d e t e r m i n e s  t h e  d i r e c t i o n  n o r n a l  t o  t h e  c o n s t r a i n t  
s u r f a c e  i n  Equat ion ( 1 2 ) .  I n  t h e  absence  of  t h i s  s o l u t i o n ,  a new procedure 
f o r  r o t a t i n g  t h e  d e s i g n  p a r a n e t e r  space  n u s t  be d e f i n e d .  The procedure i s  
f i r s t  e x p l a i n e d  f o r  t h e  c a s e  of a two-design-parameter problem, and  t h e n  I t  i s  
extended t o  t h e  g e n e r a l  n u l t i - d e s i g n - p a r a n e t e r  problem. 
I n  a d d i t i o n  t o  t h e  main s o l u t i o n ,  L p e r t u r b e d  
The c o n p u t a t i o n a l  c o s t s  and t h e  
A modif ica-  
1 
1 
F l g u r e  1 shows t h e  des ign  parameter space  f o r  a two-rleslgn-paraneter 
n 
0' 
problen.  I n  t h e  f f g u r e ,  t h e  c o n s t r a i n t  f u n c t i o n  v a l u e s  f 
a s  fOl1017S: 
€:, f; a r e  d e f i n e d  
I n  t h e  modif ied procedure ,  t h e  chord method, used i n  Equat ion ( 7 )  t o  s a t i s f y  t h e  
c o n s t r a i n t  c o n d i t i o n ,  i s  used t o  r o t a t e  t h e  d e s i g n  parameter  space .  The r o t a -  
t i o n  a n g l e  g i v e n  b y  n + l  
= t a n  (14)  
i s  used t o  r o t a t e  t h e  c o o r d i n a t e  sys tem,  where t h e  s u b s c r i p t  M i n d i c a t e s  t h a t  
t h e  n o d i f i e d  schene  i s  used. 
i n g  r o t a t i o n  a n g l e  60"" used i n  t h e  o r i g i n a l  schene and g iven  by 
n + l  
The a n g l e  6 e M  i s  now compared t o  t h e  correspond-  
E 
f2" - f: 
f; - f" 
0 







Figure 1. Two-Dimensional Design Parameter Space 
7 
n n 
I T h i s  conpar i son  shows t h a t  t h e  t e r n  f 
by E / C  i n  t h e  n o d i f i e d  schene.  
t h e  o r i g i n a l  schene w i t h  t h e  e x c e p t i o n  t h a t  t h e  e x a c t  v a l u e  f o r  j 
by a n  approximate e s t i n a t e  i n  v h i c h  t h e  g r a d i e n t  of  f i n  t h e  d i r e c t i o n  of t h e  
f? -1 
c o n s t a n t  used i n  t h e  chord method of  Equat ion  (7). Thus, 
- f o  i n  t h e  o r i 8 i n a l  schene i s  r e p l a c e d  
i s  r e p l a c e d  
a x i s ,  81, i s  n o t  c a l c u l a t e d  b u t  i s  e s t i m a t e d  u s i n g  t h e  same p r o p o r t i o n a l i t y  
T h e r e f o r e ,  t h e  modif ied scheme may b e  viewed a s  
1 
4 
T h i s  i s  a p p l i c a b l e  f o r  b o t h  t h e  two-design-parameter problem and t h e  g e n e r a l  
mult i -design-paraneter  p r o b l e n .  
I n  t h e  o p t i n i z a t i o n  scliene developed h e r e ,  c o r r e c t i v e  increments  a r e  
a p p l i e d  t o  t h e  d e s i g n  parameter  s o l u t i o n s  e v e r y  few i t e r a t i o n s  o f  u p d a t i n g  t h ?  
f l o w  s o l u t i o n s .  F o r  convergence t o  o c c u r ,  t h e  s i g n s  of t h e  i n c r e n e n t s  must be 
chosen c o r r e c t l y  t o  a l l o v  t h e  i t e r a t i v e  s o l u t i o n  t o  approach t h e  d e s i r e d  
s o l u t i o n .  The magnitudes of  t h e  increments  a r e  dependent on t h e  c o n p u t a t i o n a l  
c o n s t a n t s  c 1, c 2 ,  and C. 
f r e q u e n t l y  d u r i n g  t h e  i t e r a t i v e  p r o c e s s ,  we a r e  n o t  concerned w i t h  d e t e r m i n i n g  
t h e  i n c r e m e n t a l  s t e p  s i z e s  t h a t  l e a d  t o  t h e  h i g h e s t  s h o r t - t e r n  convergence 
r a t e .  I n  f a c t ,  t h i s  may b e  d i f f i c u l t  t o  d e f i n e ,  s i n c e  t h e  f low v a r i a b l e  
s o l u t i o n s  a r e  c o n t i n u o u s l y  changing d u r i n g  t h e  i t e r a t i v e  p r o c e s s .  Our aim i s  
t o  a c h i e v e  d e s i g n  parameter  convergence o v e r  a l o n g  t e r n  d e f i n e d  by  t h e  number 
o f  i t e r a t i o n s  r e q u i r e d  f o r  t h e  flow s o l u t i o n  convergence. A wide range  o f  
i n c r e m e n t a l  s t e p  s i z e s  should  produce t h e  d e s i r e d  convergence p r o p e r t i e s  over  
nany i t e r a t i o n s ,  even though convergence p r o p e r t i e s  o v e r  a few i t e r a t i o n s  n a y  
d i f f e r .  These connents  a p p l y  t o  b o t h  of  t h e  schenes  d e s c r i b e d  above f o r  d e t e r -  
mining t h e  d e s i g n  parameter  s p a c e  r o t a t i o n .  The d i r e c t  procedure f o r  d e t e r n i n -  
i n g  t h e  d e s i g n  parameter  s p a c e  r o t a t i o n  i n  t h e  o r i g i n a l  scheme i s  r e p l a c e d  by 
a n  i t e r a t i v e  procedure i n  t h e  modi f ied  schene.  
f r e q u e n t l y  d u r i n g  t h e  i t e r a t i v e  p r o c e s s ,  t h i s  replacement  should  have no  sub- 
s t a n t i a l  e f f e c t  on t h e  o v e r a l l  convergence o f  t h e  s o l u t i o n .  
Because t h e  d e s i g n  parameters  a r e  updated 
S i n c e  t h i s  r o t a t i o n  i s  updated  
A p o t e n t i a l  problem e x i s t s  when t h e  modi f ied  scheme i s  used f o r  r o t a t i n g  
t h e  d e s i g n  p a r a n e t e r  axes .  
overcoming i t  a r e  t h e n  p r e s e n t e d .  
T h i s  p r o b l e n  i s  now d i s c u s s e d  and s u g g e s t i o n s  f o r  
I n  t h e  f i r s t  AN-1 i t e r a t i v e  s t e p s  of s o l v i n g  t h e  problem, t h e  c o o r d i n a t e  
s y s t e n  i n  t h e  d e s i g n  parameter  s p a c e  c o i n c i d e s  w i t h  t h e  o r i g i n a l  u n r o t a t e d  






r o t a t e d  c o o r d i n a t e  s y s t e n  i s  d e t e r n i n e d .  When Equat ion (13)  f o r  d e t e r m i n i 7 8  
A N i s  used ,  w e  a r e  guaranteed  t h a t  t h e  v e c t o r  J1 p o i n t s  i n  t h e  d i r e c t i o n  i n  
which t h e  c o n s t r a i n t  f u n c t i o n  i n c r e a s e s .  Consequent ly ,  t h e  u s e  of Equat ion ( 7 )  
w i l l  cause  t h e  i t e r a t i v e  s o l u t i o n  t o  approach t h e  c o n s t r a i n t  s u r f a c e .  
Equat ion (13)  i s  r e p l a c e d  by Equat ion  ( 1 6 )  f o r  d e t e r n i n i n g  E!”-’, t h e r e  i s  a 
p o s s i b i l i t y  t h a t  t h e  computed v e c t o r  SA” p o i n t s  i n  t h e  d i r e c t i o n  i n  which t h e  1 
c o n s t r a i n t  f u n c t i o n  d e c r e a s e s .  I n  t h i s  c a s e ,  t h e  assumption t h a t  C i s  p o s i t i v e  
i s  wrong, and u s i n g  i t  w i l l  c a u s e  t h e  s o l u t i o n  t o  d i v e r g e .  T h i s  o c c u r s  i f  t h e  
v e c t o r  _e 
T1
When 
. That  i s ,  i f  t h e  q u a n t i t y  A ?I-1 i s  n e a r l y  i n  t h e  d i r e c t i o n  of  -vf 1 
i s  c l o s e  t o  u n i t y .  
two-design-paraneter p r o b l e n  and i s  reduced f u r t h e r  as t h e  number of d e s i g n  
p a r a m e t e r s  i n c r e a s e s .  There a r e  two sugges ted  approaches  f o r  overcomjng t h i s  
problem. I n  t h e  f i r s t  approach ,  t h e  i n i t i a l  few i t e r a t i o n s  a r e  performed 
u s i n g  t h e  o r i g i n a l  schene  f o r  d e t e r m i n i n g  G by Equat ion  (13 )  i n  o r d e r  t o  
d e t e r n i n e  t h e  c o r r e c t  i n i t i a l  d i r e c t i o n s  f o r  t h e  P^  a x i s .  T h i s  nay  t h e n  b e  UP- 
d a t e d  u s i n g  t h e  modi f ied  schene ,  Equat ion  (16), i n  t h e  r e s t  of  t h e  c o n p u t a t i o q .  
R e a l i z i n g  t h a t  t h e  p r o b a b i l i t y  f o r  t h e  p o t e n t i a l  p r o b l e n  t o  occur  i s  s m a l l ,  
t h e  second approach u s e s  t h e  modif ied schene  f r o n  t h e  beginning  of  t h e  
c o n p u t a t i o n .  I f  d i v e r g e n c e  d o e s  o c c u r ,  t h e n  t h e  c o n s t r a i n t  f u n c t i o n  i s  
r e d e f i n e d  t o  b e  e q u a l  t o  t h e  n e g a t i v e  of  t h e  o r i g i n a l  c o n s t r a i n t  f u n c t i o n  and 
t h e  problem i s  s o l v e d  a g a i n .  
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OPTIMIZATION PROGRAM 
The o p t i n i z a t i o n  scheme d e s c r i b e d  above i s  a p p l i c a b l e  t o  g e n e r a l  
aerodynamic problems, and can  b e  used i n  c o n j u n c t i o n  w i t h  d i f f e r e n t  a n a l y s i s  
codes.  
advanced p r o p e l l e r  designs. '  I n  t h e s e  t e s t s  i t  was used i n  c o n j u n c t i o n  w i t h  
code NASPROP-E which i s  a n  a n a l y s i s  code t h a t  computes t h e  f l o w  around a n  
advanced p r o p e l l e r .  A d e s c r i p t i o n  o f  t h e  scheme used i n  s o l v i n g  t h e  f low 
e q u a t i o n s  around t h e  p r o p e l l e r  i s  g i v e n  i n  Reference  6 .  
' 
The scheme was t e s t e d  by a p p l y i n g  i t  t o  t h e  problem of o p t i m i z i n g  
I n  t h e  f o l l o w i n g  s e c t i o n s  we w i l l  f o c u s  on d e s c r i b i n g  t h e  e lements  of t h e  
o p t i n i z a t i o n  program. 
MASPPOP-E; however, t h i s  r e f e r e n c e  w i l l  b e  n in imized .  Vanes of s u b r o u t i n e s  o r  
COWIOIJ b l o c k s  be longing  t o  !?ASPROP-E will be bracke ted  t o  i n d i c a t e  t h a t  t h e y  
d o  n o t  belong, t o  t h e  o p t i m i z a t i o n  p r o g r a n  and t h a t  t h e y  a r e  r e p l a c e a b l e  by 
o t h e r  s u b r o u t i n e s  o r  C O W I O T ~  b l o c k s  when t h e  o p t i m i z a t i o n  scheme i s  used i n  
c o n j u n c t i o n  w i t h  o t h e r  a n a l y s i s  codes.  
o f  code PIASPROP-E i s  g iven  i n  Reference  8 .  
It w i l l  b e  n e c e s s a r y  t o  make some r e f e r e n c e  t o  code 
A manual d e s c r i b i n g  t h e  main e l e n e n t s  
i 
Flow C h a r t  
I n  F igure  2 ,  a b r i e f  f low c h a r t  d e s c r i b i n g  t h e  o v e r a l l  f low o f  t h e  progran  
i s  p r e s e n t e d .  
Program Input 
The i n p u t  r e q u i r e d  by t h e  o p t i m i z a t i o n  program I s  d e s c r i b e d  i n  t h i s  
s e c t i o n .  
d e s c r i p t i o n  of t h e  i n p u t  d a t a  format  and a n  example of a se t  of  i n p u t  d a t a .  
A d i c t i o n a r y  of  t h e  i n p u t  v a r i a b l e s  i s  provided ,  fol lowed by a 
Dictionary of Input Variables 
The v a r i a b l e s  which a r e  i n p u t  t o  t h e  o p t i m i z a t i o n  program a r e  d e s c r i b e d  i n  
t h e  f o l l o w i n g  l i s t .  
BARMl(L) ,L=l,NPARM 
Minimum a l l o w a b l e  v a l u e  f o r  t h e  Lth d e s i g n  parameter ,  i n  r o t a t e d  
space  , d u r i n g  t h e  i t e r a t i v e  process .  
RAR!42(L) ,L=l,FJPARM 
71aximum a l l o w a b l e  v a l u e  f o r  t h e  Lth d e s i g n  parameter ,  i n  r o t a t e d  
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N= N + MSTEP 
IS( n.EQ. NM AX)? 
NO 
UT)I 
Figure 2. Program F l o w  Chart 























I n c r e n e n t i n g  f a c t o r  f o r  t h e  o p t i m i z a t i o n  scheme. 
Decrementing f a c t o r  f o r  t h e  o p t i m i z a t i o n  scheme. 
P r o p o r t i o n a l i t y  c o n s t a n t  f o r  t h e  chord ne thod .  
Value of  c o n s t r a i n t  f u n c t i o n .  
Small  p o s i t i v e  i n c r e m e n t a l  v a l u e  used t o  p e r t u r b  t h e  d e s i g n  
parameters .  
, L = ~ , N P A R M  
,L=l,r?PAP,M 
Plaxinum a l l o w a b l e  i n c r e m e n t a l  s t e p  s i z e  f o r  t h e  Lth d e s i g n  
parameter  i n  r o t a t e d  space .  
, M = l  ,NT)SIV 
I n i t i a l  v a l u e s  f o r  t h e  g e o n e t r i c a l  parameters .  These g e o n e t r i c a l  
parameters  a r e  c o e f f i c i e n t s  of t h e  shape f u n c t i o n s  d e f i n e d  i n  
s u b r o u t i n e  OPTSHP. 
, L-I , r v . m r i  
The Lth conponent of t h e  d e s i g n  parameter  v e c t o r  i s  e q u a l  t o  t h e  
ISLCT(L) conponcnt of t h e  v e c t o r  of  g e o m e t r i c a l  p a r a n e t e r s .  
T h i s  i s  a p a r a n e t e r  vhic’n i d e n t i f i e s  t h e  t y p e  of  r e s t a r t  d a t a .  
The r e s t a r t  d a t a  v a s  saved f r o n  a r e g u l a r  a n a l y s i s  ru?.  
The r e s t a r t  d a t a  was saved from a n  o p t i m i z a t i o n  r u n .  
T h i s  I s  a p a r a n e t e r  t h a t  i d e n t i f i e s  t h e  t y p e  of d a t a  b e i n g  s a v e d .  
The p r e s e n t  r u n  i s  a r e g u l a r  a n a l y s i s  run .  
The p r e s e n t  r u n  i s  a n  o p t i m i z a t i o n  r u n .  
Yunber of  i t e r a t i v e  s t e p s  a t  which t h e  d e s i g n  parameters  a r e  
p e r i o d i c a l l y  updated.  
??umber of  g e o m e t r i c a l  p a r a m e t e r s  used t o  p e r t u r b  t h e  aerodynamic 
shape  from t h e  b a s e l i n e  c o n f i g u r a t i o n .  
g e o m e t r i c a l  parameters  a r e  alloxred t o  v a r y .  
parameters .  
NDSIN must have a v a l u e  of  1 o r  g r e a t e r .  
The hub shape i s  opt imized  
The b l a d e  shape  i s  opt imized  
Nunber of  d e s i g n  p a r a m e t e r s  
Regular  a n a l y s i s  p r o b l e n  
C o n s t r a i n t  problem 
Cons t ra ined  o p t i m i z a t i o n  p r o b l e n  
I n i t i a l  i n c r e m e n t a l  s t e p  s i z e  € o r  t h e  Lth  d e s i g n  parameter .  
A n u n b e r ,  NPARM, o f  t h e  
These a r e  t h e  d e s i g n  
The rest o f  t h e  g e o m e t r i c a l  parameters  a r e  f i x e d .  
1 








11 PRY T Data a s s o c i a t e d  w i t h  t h e  i t e r a t i v e  h i s t o r y  o f  t h e  s o l u t i o n  i s  
p r i n t e d  e v e r y  NPRNT i t e r a t i v e  s t e p s .  
NTRNOP =O Coordina tes  w i l l  n o t  b e  r o t a t e d .  NPAFII p r o b l e m  a r e  s o l v e d  i n  
p a r a l l e l .  
s u r f a c e  i s  a p l a n a r  s u r f a c e  and t h e  f i r s t  d e s i g n  parameter  
c o o r d i n a t e  i s  normal t o  t h a t  s u r f a c e  and i n c r e a s e s  i n  t h e  
d i r e c t i o n  o f  i n c r e a s i n g  c o n s t r a i n t  f u n c t i o n .  I n  g e n e r a l ,  t h i s  
o p t i o n  i s  n o t  u s e f u l .  
T h i s  o p t i o n  should  b e  used o n l y  i f  t h e  c o n s t r a i n t  
-1 Coordina tes  w i l l  be  r o t a t e d .  NPATPM problems a r e  s o l v e d  i n  
A 
p a r a l l e l .  G1 i s  de termined  by Equat ion (16) .  
p a r a l l e l .  El i s  determined by Equat ion (13) .  
P a r a n e t e r  used i n  t h e  d e f i n i t i o n  o f  t h e  shape f u n c t i o n s  g iven  i n  
s u b r o u t i n e  OPTSIIP. 
=1 C o o r d i a t e s  w i l l  b e  r o t a t e d .  NPARM + 1 problems a r e  s o l v e d  i n  
RRRAVG 
RRRC Parameter  used i n  t h e  d e f i n i t i o n  of t h e  shape f u n c t i o n s  given i n  
s u b r o u t i n e  OPTSIIP. 
Input Data Format 
The i n p u t  d a t a  € o r  t h e  o p t i n i z a t i o n  program i s  r e a d  f r o n  s u b r o u t i n e  
OPTRED. The f o l l o w i n g  r e a d l n g  sequence i s  used v i t h  t h e  f o r n a t  g iven  below. 
READ ( 55,100) 
PEAD (55,200) F?PAPM, FISTYP, YTRWP,  N D S I V ,  VPQNT, IPSC, ISVC 
READ (55,100)  
READ (55,200)  (ISLCT ( I ) ,  I=1, MMPARY) 
READ (55,100) 
READ (55,300)  (DSIN ( I ) ,  1', NDSIIJ) 
READ (55,100) 
DO 1 N I 1 ,  MMPARM 
READ (55,300) DPARM(N) , DPARMX(N) , BARMl(N), BA!!M2(M) 
1 CONTIFRJE 
READ (55,100) 
READ (55,300) CNSTR 
READ (55 ,100)  
READ (55,300) CAA, C1,C2, DELPRM 
READ (55,100)  
READ (55,300)  RRRC, RRRA??G 
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READ (55 ,100)  
READ (55,200)  NHBL12 
100  FQRMAT (1x1 
200 F0R:WT (8110) 
300 FORMAT (8F10.0) 
Vote:  MMPARM = 1 i f  NPARM = 0 and MMPAR’4 = NPARM otherwise .  Uhen PJP4??1 = 
0 ,  t h e  v a r i a b l e s  ISLCT(l),  DPAP,V(l), DPARNX(l), BARM1(1), and BARFI2(1) must 5 e  
s p e c i f i e d  i n  t h e  I n p u t  d a t a ,  even though t h e y  a r e  n o t  used i n  t h i s  p a r t i c u l a r  
case .  
s p e c i f i e d  f o r  i t  i n  t h e  i n p u t  d a t a .  
The v a r i a b l e  DPARM(1) i s  a l l rays  n o t  used;  however, a v a l u e  n u s t  b e  
An a d d i t i o n a l  s e t  of  d a t a  i s  r e a d  f r o n  t h e  s u b r o u t i n e s  of t h e  a n a l y s i s  
code used i n  c o n j u n c t i o n  Iqith t h e  o p t i n i z a t l o n  progran.  
t h e  b a s e l i n e  d e s c r i p t i o n  of t h e  aerodynamic c o n f i g u r a t i o n ,  f low c o n d i t i o n s  
( f o r  exanple ,  t h e  f r e e  s t r e a n  Vach nunber  v a l u e ) ,  c o n p u t a t i o n a l  p a r a n e t e r s  
a s s o c i a t e d  w i t h  t h e  a n a l y s i s  code,  and t h e  d e s i r e d  ounber of i t e r a t i o n s ,  
? M A X .  For t h e  p r o p e l l e r  problem, t h i s  s e t  of  d a t a  i s  d e c r i b e d  I n  Reference  8 .  
T h i s  d a t a  i n c l u d e s  
. 
Input Data Example 
The fo l lor r ing  i s  a n  example o f  a s e t  o f  i n p u t  d a t a :  
TJPAR’4 PISTEP NTRTJO P MDSIY N PRF.JT IRS c 
2 40 -1 3 20  0 
ISLCT ( 1 ISLCT( 2) 
1 3 
DSIN(1) DSIN( 2) nSI?T( 3 )  
2.0 0.0 2 .o 
DPARM(I) DPAIL?IX(I) R A R M l (  I 1 BARM2( I)  
0.0 1.0 -50.0 50.0 
0.5 1 .0  -20 .o 20.0 
CNSTR 








1 . 2  
RJU2.4” 
0 .5  



















The COMMO?? b l o c k s  used i n  t h e  o p t i m i z a t i o n  program a r e  given be lov  and t h e  
T h i s  i s  fol lowed by a CO11'.13V v a r i a b l e s  a p p e a r i n g  i n  t h e s e  b locks  a r e  de f ined .  
b l o c k / s u b r o u t i n e  c r o s s  r e f e r e n c e .  
Dictionary of COMMON Block Variables 
COMMON BLOCK PARI41 
COMMON/PAJX!41/NP, NB, MM, Y 1 ,  M2, RAD1 
The v a r i a b l e s  be long ing  t o  t h i s  COM:.ION b lock  a r e  v a r i a b l e s  used i n  code 
NASPROP-E. 
COQlOU BL9CK PW.14 
CO!.l?IOIT/PAR!4(r /??PR?JT 
N PRNT Output and p l o t t i n g  d a t a  i s  w r i t t e n  ou t  eve ry  NRPNT i t e r a t i v e  
s t e p s .  
COMMON BLOCK PARrl5 
C0!.llror?/PA~M5/DDF,TO(Iy 2)  , DBTII'JC(1,L) , DSIY(L) , MDSIV,  ISLCT(L) , riYO(I1) , 
DR?JD?C( 11 , L) 
A l l  dimens ions ,  I ,  appea r ing  i n  t h i s  COi.I?lO?l b lock  should have a v a l u e  of 
NB o r  g r e a t e r ,  where ITB i s  t h e  nunber  of p l a n e s  i n  t h e  r a d i a l  d i r e c t i o n  
d e f i n i n g  t h e  b l a d e  geone t ry .  A l l  d i n e n s i o n s ,  11, appea r ing  i n  t h i s  C0?1>101.? 
block should  have a v a l u e  of NN o r  g r e a t e r ,  where NN i s  t h e  nunber  of p o i n t s  
i n  t h e  a x i a l  d i r e c t i o n  d e f i n i n g  t h e  n a c e l l e  geonet ry .  
a p p e a r i n g  i n  t h e  COFPION block should  have a v a l u e  o f  N D S I N  o r  g r e a t e r .  
All dimens lons ,  L ,  
DBETO (J , 2) Inpu t  o r  b a s e l i n e  b l a d e  t w i s t  a t  each r a d i a l  s t a t i o n  
r e l a t i v e  t o  t h e  75% span  s t a t i o n .  
P e r t u r b a t i o n  b l a d e  t w i s t  a t  each r a d i a l  s t a t i o n ,  
co r re spond ing  t o  t h e  Kth geomet r i ca l  shape f u n c t i o n .  
P e r t u r b a t i o n  n a c e l l e  r a d i u s  a t  each a x i a l  s t a t i o n ,  
co r re spond ing  t o  t h e  Kth g e o m e t r i c a l  shape f u n c t i o n .  
T)BTINC( J,K) 
DRNINC( J, K) 
D S W (  J) J t h  g e o m e t r i c a l  parameter .  
NDSIN Number of g e o m e t r i c a l  parameters .  
I SLCT ( J) The J t h  component of  t h e  des ign  parameter  v e c t o r  i s  
e q u a l  t o  t h e  ISLCT(J) conponent of  t h e  v e c t o r  o f  
geomet r i ca l  parameters .  
I n p u t  o r  b a s e l i n e  n a c e l l e  r a d i u s  a t  each  a x i a l  s t a t i o n .  RNO(  J) 
TR-444/07-88 15 
COFPIOIJ BLOCK PARFIG 
CO1@lOY/PARM6/RRR( I )  , RRRC, RRRATJG 
The d i n e n s i o n  I i n  t h i s  COVFlOT? b lock  should  have a v a l u e  of NB o r  g r e a t e r ,  
' where NB i s  t h e  number of p l a n e s  i n  t h e  r a d i a l  d i r e c t i o n  d e f i n i n g  t h e  b l a d e  
geone t r y . 
RRR( J) 
RRR AN G 
RRRC 
COMMO7l BLOCK PARY7 




Radius  of r a d i a l  s t a t i o n s  on t h e  b l a d e .  
Parameter  used  i n  t h e  d e f i n i t i o n  o f  t h e  shape f u n c t i o n s .  
Parameter  used i n  t h e  d e f i n i t i o n  of  t h e  shape f u n c t i o n s .  
ISVC, NNCNT 
Parameter  d e f i n i n g  t h e  t y p e  of r e s t a r t  d a t a .  
P a r a n e t e r  d e f i n i n g  t h e  t y p e  of  d a t a  b e i n g  saved .  
Count e r 
COmOrl BLOCK PAM40 
CO'.i!IOrJ/P~~?140/:I!IBL12 
YIIBL12 -1 The hub shape i s  opt imized  
= 2  The b l a d e  shape i s  o p t i n i z e d  
COYYOY BLOCK PAR171 
COYPION/PAii171/PARM( I),  DPAWl( I) , EP( I) , FP( I) , BA??Ml( I) , BARI.I2( I )  , DP4X?.IX( I ) ,  
XITRM(I), T R A N ( I , I ) ,  TRANT(I,I), T R A I . J O ( I , I ) ,  'JPARY, YSTEP, 
C A A l ,  CAA2, CAA, DELPRM, EO, FO, PAR4OC(I), NTIIIJOP 
All dimensions,  I ,  a p p e a r i n g  i n  t h i s  COPPION block  should  have a v a l u e  o f  
TIPARM o r  g r e a t e r .  
RARMl(L) , L=1, VPARM 
Minimum a l l o v a b l e  v a l u e  f o r  t h e  L t h  d e s i g n  parameter ,  i n  
r o t a t e d  s p a c e ,  d u r i n g  t h e  i t e r a t i v e  p r o c e s s .  
RARl42(L) ,L=l ,  NPARM 
Maximum a l l o w a b l e  v a l u e  f o r  t h e  Lth  d e s i g n  parameter ,  i n  
r o t a t e d  s p a c e ,  d u r i n g  t h e  i t e r a t i v e  p r o c e s s .  
P r o p o r t i o n a l i t y  c o n s t a n t  f o r  t h e  chord method. 
I n c r e n e n t i n g  f a c t o r  f o r  t h e  Opt imiza t ion  scheme. 
Decrementing f a c t o r  f o r  t h e  o p t i m i z a t i o n  scheme. 
S n a l l  p o s i t i v e  i n c r e m e n t a l  v a l u e  used t o  p e r t u r b  t h e  d e s i g n  
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DPAR,I( L )  
e 
DPAR!!X( L) 
e .  EO 











, L = l  , VPA!Fl 
Inc renen ta l  s t e p  s i z e  €or  t h e  Lth design parameter i n  r o t a t e d  
space.  
, L = l ,  VPARM 
Maximum a l lowable  incremental  s t e p  s i z e  f o r  t h e  Lth des ign  
pa rane te r  i n  r o t a t e d  space.  
Objec t ive  func t ion  corresponding t o  na in  s o l u t i o n .  
,L=1, VPARM 
Objec t ive  func t ion  corresponding t o  t h e  Lth per turbed  des ign  
parameter i n  r o t a t e d  space.  
Cons t ra in t  func t ion  corresponding t o  t h e  Lth per turbed design 
pa rane te r  i n  r o t a t e d  space.  
, L = l  , ?JPAR:I 
Cons t ra in t  func t ion  corresponding t o  t h e  Lth per turbed design 
pa rane te r  i n  r o t a t e d  space.  
Nunber of i t e r a t i v e  s t e p s  a t  which t h e  d e s i m  parameters a r e  
p e r i o d i c a l l y  updated. 
Number of des ign  parameters.  
Pa rane te r  d e f i n i n g  schene op t ions  
, L = l ,  NPARM 
Lth  design pa rane te r  i n  r o t a t e d  space.  
,L=1,  YPARM 
Lth des ign  pa rane te r  i n  o r i g i n a l  unro ta ted  space.  
The f i r s t  NPARM x YPARM e l e n e n t s  of t h i s  two-dinensional a r r a y  
form t h e  t ransformat ion  mat r ix  which ope ra t e s  on a vec to r  with 
conponents de f ined  r e l a t i v e  t o  t h e  r o t a t e d  coord ina te  s y s t e n  o f  
t h e  p re sen t  i t e r a t i o n  t o  g ive  t h e  corresponding conponents r e l a -  
t i v e  t o  t h e  r o t a t e d  coord ina te  s y s t e n  of t h e  previous i t e r a t i o n .  
The f i r s t  NPARM x NPARM e l e n e n t s  of t h i s  two-dimensional a r r a y  
form t h e  t r anspose  of t h e  t ransformat ion  mat r lx  de f ined  by t h e  
elements of "RAN. 
The f i r s t  NPARM x NPARM elements of  t h i s  two-dimensional a r r a y  
form t h e  t ransformat ion  ma t r ix  which ope ra t e s  on a vec to r  wi th  
components def ined  r e l a t i v e  t o  t h e  present  r o t a t e d  coord ina te  
s y s t e n  t o  g ive  t h e  corresponding conponents r e l a t i v e  t o  t h e  
o r i g i n a l  unro ta ted  coord ina te  s y s t e f .  
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COYVO!.J RLOCK PA9172 
C O!.II40*.J / PAR1 7 2 / CNSTR 
CNSTR Cons t r a  i n t f m c  t i on . 
COXMON BLOCK PAR176 
COMMON/PAR176/LLMIN, LLMAX 
LLMIN Number of i n i t i a l  i t e r a t i v e  s t e p .  
LLNAX Number of f i n a l  i t e r a t i v e  s t e p .  
COMMOU BLOCKS (BASE) , (COUNT), (CRIDC)  
These COWION blocks a r e  among t h e  NASPROP-E CO?II.IOTJ b locks.  
CO;.C4OlJ BLOCK PWEF 
C91?!40N/PWF,F/CPI, ETA, I I 
CP1 Power 
ETA Ef f l c i e n c y  
I1 Counter g iv ing  t h e  nunber of t imes  output  d a t a  has  been 
w r i t t e n .  
COMMON RLOCK TRAC 
COTMON/TRAC/TI:.IE( I) , SESIIX( I)  , RESAV( I) , POW( I ) ,  EFF( I ) ,  DS?JPR( I, J) 
All dimensions,  I ,  appear ing  i n  t h i s  CO?C.ION block should have a va lue  o f  
RK o r  g r e a t e r ,  where 
KI: = IWAX / NPRYT, 
NllAX i s  t h e  d e s i r e d  nunber of i t e r a t i o n s ,  and t h e  output  d a t a  i s  w r i t t e n  out 
once every NPRNT i t e r a t i o n s .  
should have a va lue  of MMPARM o r  g r e a t e r  where MMPARJl= nax(1,NPARM). 
The dimension, J ,  appear ing  i n  t h e  COM;.IC)N block 
TIME ( K) , K = l ,  KK 
Number of i t e r a t i v e  s t e p s  f o r  t h e  Kth d a t a  po in t .  
RESMX(K) ,K=l, KK 
RESAV(K) , K = l ,  KK 
POW( K) ,K=1, KK 
Maximun r e s i d u a l  a t  Kth d a t a  po in t .  
Res idua l  Euclidean norm a t  Kth d a t a  poin t .  







EFF(K) ,K=l, KK 
E f f i c i e n c y  a t  t h e  Kth d a t a  p o i n t .  
DSHPR(K,L) ,K=l, KK , L = l ,  NPARM 
I t e r a t i v e  s o l u t i o n  f o r  t h e  Lth  d e s i g n  parameter  a t  t h e  Kth data 
p o i n t .  
COMI4C)N BLOCK V A R l  
T h i s  COMMON b l o c k  is used t o  s a v e  memory s t o r a g e  requi rements .  V a r i a b l e s  
c o n t a i n e d  in t h i s  COMMON b lock  in s u b r o u t i n e  (MAIY4) a r e  a s s o c i a t e d  w i t h  nesh  
g e n e r a t i o n .  
o t h e r  s u b r o u t l n e s  which c o n t a l n  t h e  COMMOH b lock  VAR1.  I n  s u b r o u t i n e  ( M A I N 4 1  
t h e  C014YON b lock  a p p e a r s  a s  
These v a r i a b l e s  a r e  r e p l a c e d  w i t h  f l o w  f i e l d  s o l u t i o n s  i n  a l l  
COffi4OIJ/VA!!1/G~IDX, G R I D Y ,  GRIDZ , GRIDR,  G R I D P  
where G X I D X ,  G S I D Y ,  GPID’I,, C P I D R ,  and GRIDP a r e  a r r a y s  t h a t  c o n t a i n  nesh i n f o r -  
n a t i o n .  I n  a l l  o t h e r  s u b r o u t i n e s  c o n t a i n i n g  CQ’T4ON b lock  V U 1 ,  i t  a p p e a r s  a s  
CO?lMON/VARl/Q, S ,  Q N l ,  SOI4T 
where Q ,  5, and QYl a r e  a r r a y s  t h a t  c o n t a i n  f low f i e l d  s o l u t i o n s ,  w h i l e  t h e  
a r r a y  SCRAT is n o t  used.  
COMHON BlocldSubroutine Cross Reference 
















( C R I D C )  
PWEF X 
TRAC X 
V A R l  X 
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Subroutine Cross Reference 
For each s u b r o u t i n e ,  t h e  f o l l o w i n g  t a b l e  l i s t s  t h e  s u b r o u t i n e s  t h a t  i t  
c a l l s  and t h e  s u b r o u t i n e s  t h a t  c a l l  i t .  
Subrout ine  















( BNDRY 2 
( FORCE) 









0 PT ITR 
COPE 
OPTITR 
Main P r o g r a n  
Main Progran  
',IRE AD 
Yain P r o g r m ,  OPTITR 
Main Program, OPTITR 
Maln P r o g r a n ,  OPTITR 
CORElH,  OPTITR 
CORE 




0 PT GOY 
OPTGOM 
0 PT ITR 
C a l l s  
CORE, CORElH,  OPTITR , 
OPTRED, PARI.IS, SWTCHl, 





( G R I D ) ,  (INPUT), 
( M E T ~ I C ) ,  (PRMESH) 
ERVAL, FRVAL, OPTGOI.1, 
PAWS,  SWTCHl , SWTCH2, 
















I n  t h i s  s e c t i o n ,  a b r i e f  d e s c r i p t i o n  o f  each of t h e  subrout ines  of t h e  
o p t i n i z a t i o n  program i s  given. 
Progran NASPROP-E t h a t  were re ferenced  i n  t h i s  r epor t .  
A l so  descr ibed  b r i e f l y  a r e  t h e  sub rou t ines  o f  
SUBROUTINE CORE 
Th i s  subrout ine  conputes t h e  t ransformat ion  mat r ix  TRAN and i t s  t ranspose  
TRAVT. 
c u r r e n t  r o t a t e d  coord ina te  system t o  i t s  conponents r e l a t i v e  t o  t h e  r o t a t e d  
coord ina te  system of  t h e  prev ious  i t e r a t i o n .  
These two n a t r i c e s  r e l a t e  t h e  conponents of  a vec to r  r e l a t i v e  t o  t h e  
SUBROTJT INE CORE1 H 
Th i s  subrout ine  conputes t h e  new i t e r a t i v e  s o l u t i o n  f o r  t h e  des ign  
parane ters .  
s t a t e n e n t  i n  t h i s  subrout ine  should be given a va lue  equal  t o  o r  g r e a t e r  than 
NPILSM, t h e  nunber of des ign  pa rane te r s .  
A l l  t h e  dimensions of t h e  v a r l a b l e s  appearing i n  t h e  DIMEVSI9V 
SlJ3ROUTIVE ERV4L 
Th i s  subrout ine  conputes t h e  va lue  of t h e  o b j e c t i v e  func t ion .  The u s e r  I s  
requi red  t o  add neccessary CO!dlOH blocks and necessary  c a l l s  t o  o t h e r  
sub rou t ines  which a l low t h e  conputat lon o f  t h e  o b j e c t i v e  func t ion .  
Argument L i s t  
E (Output)  Object ive func t ion  
STJRROIJTINE FRVAL 
Th i s  sub rou t ine  computes t h e  va lue  of t h e  c o n s t r a i n t  func t ion .  The u s e r  
i s  r equ i r ed  t o  add necessary  COMMON b locks  and necessary  c a l l s  t o  o t h e r  
sub rou t ines  which a l low t h e  computation of  t h e  c o n s t r a i n t  func t ion .  
Argument L i s t  
F (Output) Cons t ra in t  func t ion  
SUBROTJTINE GRAM 
This  sub rou t ine  uses  t h e  Gram-Schmidt or thogonal iza t ion  process  t o  con- 
s t r u c t  a s e t  of orthonormal v e c t o r s  from a s e t  of l i n e a r l y  independent v e c t o r s .  
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FLr?,u.ncnt :,1 s t  
F. (1n:)iit) ~: lo- . i i r ie?sionnI  a r r a y .  Set  t h e  f irqt  d.ine?sim ?q:in: t:, 
t h e  f i r s t  d i n e n s i o n  o f  TD,,V!T i n  CTPlQYI b l o c k  PAYl71. S e t  t i e  
second d i n e n s i o n  e q u a l  t o  1. 
c o n t a i n  i n  t h e j r  m I  f i r s t  rows t h e  components of t h e  i n n u t  s e t  o f  
l i n e a r l y  independent  v e c t o r s .  
The f i r s t  !I columns of  a r r a v  '? 
ET ( O u t m t )  Two-rlinensional a r r a y .  S e t  t h e  f i r s t  d i g e n s i o n  e q u a l  t 3 
t h e  f i r s t  rl.iricnsio? o f  TYY? i..i CVTIc7'J 5 loc 'c  ?.\?17l.. S ? t  t h e  
second diner ls ion e q m 1  t o  1. 
c o n t a i n  i n  t h e i r  '1 f i r s t  r o w  t h e  conponents of  t h e  outpii t  se t  of  
o r t + o ? o r n a l  v e c t o r s .  
T\e f i r s t  1! c o l ? i ? ~ s  o f  arra:r T'T 
? T  ( I?p!i t )  'Ju;35er o f  v e c t o r s .  
?!!3IG ( I n p u t )  
f i r s t  c o l a m  of t h e  i n w t  3 r r a y  9. 
The corlnoneqt nu23Ser !with t h e  5 i q T c s t  .na$nit?l4c I n  t':i,? 
Argunent T,ist 
LLE?  ( I n p u t  ) 
=1 t h e  mesh i s  computed 
=2 nesh  dependent  v a r i a b l e s  a r e  conputed 
STJRROTJT I V E  OPT I T R  
T h i s  s u b r o u t i n e  u p d a t e s  t h e  n a i n  fl017 s o l u t i o n  o r  t h e  p e r t u r b e d  f low 
s o l u t i o n  by p e r f o r n l n g  YSTEP i t e r a t i v e  s t e p s  f o r  f i x e d  v a l u e s  of  t h e  d e s i g n  
p a r a n c t e r s .  
s t a t e n e n t  i n  t h e  s u b r o u t i n e  should  b e  g iven  a val i ie  e q u a l  t o  o r  g r e a t e r  t h a n  
NPk9'4, t h e  number of  d e s i g n  p a r a n e t e r s .  
The dimensions of  t h e  v a r i a b l e s  a p p e a r i n g  i n  t h e  DIFIEVSION 








A r  giimen t L i  s t 
N ( I n p u t  
= O  Main s o l u t i o n  i s  updated 
+O P e r t u r b e d  s o l u t i o n  i s  updated 
( I n p u t )  Number of  c y c l e s  f o r  u p d a t i n g  t h e  d e s i g n  parameters .  NCYCR 
SUBROUTINE OPTRED 
T h i s  s u b r o u t i n e  r e a d s  t h e  i n p u t  d a t a  a s s o c i a t e d  w i t h  t h e  o p t i m i z a t i o n  
scheme. The d a t a  i s  r e a d  f r o n  t a p e  5 5 .  
STJBROUTILNE OPTSIIP 
T h i s  s u b r o u t i n e  d e f i n e s  t h e  shape  f u n c t i o n  used t o  p e r t u r b  t h e  b a s e l i n e  
aerodynamic c o n f i g u r a t i o n .  The shape f u n c t i o n s  a r e  d e f i n e d  by t h e  
two-dinensional  a r r a y  DBTINC i n  t h e  c a s e  of  o p t i m i z i n g  t h e  b l a d e  a n g l e  
d i s t r i b u t i o n  and by t h e  two d imens iona l  a r r a y  DRNIYC i n  t h e  c a s e  of  o p t i n i z i n z  
t h e  hub shape.  The f i r s t  argumerlt of t h e s e  a r r a y s  d e f i n e s  a r a d i a l  p o s i t i o n  
a l o n g  t h e  b l a d e  w h i l e  t h e  second a r g u n e n t  d e f i n e s  a p a r t i c u l a r  shape  f u n c t i o ? .  
STJBROlJTC3E PAR!.IS 
T h i s  s u b r o u t i n e  s e t s  t h e  d e s i g n  parameters ,  which a r e  c o n t a i n e d  i n  t h e  
e l e n e n t s  of  t h e  a r r a y  PARY, e q u a l  t o  t h e  g e o n e t r i c a l  p a r a n e t e r s ,  c o n t a i n e d  in 
t h e  e lements  o f  t h e  a r r a y  DSIN, i f  MPLlR2 = 1. I f  NPLlR2 = 2 ,  t h e  s u b r o u t i n e  
s e t s  t h e  g e o n e t r i c a l  p a r a n e t e r s  e q u a l  t o  t h e  d e s i g n  p a r a n e t e r s .  
Argument L i s t  
NPLlR2 ( I n p u t  
-1 
=2 
Elements of PARM a r e  set  e q u a l  t o  elements of  DSIN 
Elements of DSIN a r e  s e t  e q u a l  t o  e lements  of  PARY 
P ARM ( I n p u t  o r  Output )  
Vector  o f  d e s i g n  p a r a m e t e r s  
NPARM ( I n p u t  1 
Number o f  design parameters  
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STJBROlJT IN E SWT CJI 1 
The o p t i n i z a t i o n  scheme r e q u i r e s  t h a t  a nunher of s o l u t i o n s  f o r  d i f f e r e n t  
f low problems b e  o b t a i n e d  i n  p a r a l l e l .  
s o l u t i o n  i f  N=O,  and t o  t h e  Nth p e r t u r b e d  s o l u t i o n  i f  NfO. 
s o l u t i o n s  f o r  t h e s e  d i f f e r e n t  problems a r e  s t o r e d  i n  t h e  a r r a y  QY1. 
u p d a t i n g  a p a r t i c u l a r  s o l u t i o n ,  i t  i s  t e m p o r a r i l y  s t o r e d  i n  a r r a y  Q. The code 
t h e n  u p d a t e s  a r r a y  Q ,  r e p l a c i n g  t h e  o l d  s o l u t i o n  by t h e  s o l u t i o n  a t  t h e  new 
i t e r a t i v e  s t e p .  T h i s  s o l u t i o n  i s  a g a i n  s t o r e d  i n  a r r a y  Q N l .  
SWTCHl s t o r e s  t h e  s o l u t i o n  c o r r e s p o n d i n g  t o  t h e  Nth problem i n  a r r a y  Q p r i o r  
t o  u p d a t i n g  i t .  
The argument N r e f e r s  t o  t h e  n a i g  
The i t e r a t i v e  
P r i o r  t o  
Subrout ine  
SUBROTJTIFTE S!dTCJI 2 
T h i s  s u b r o u t i n e  s t o r e s  t h e  s o l u t i o n  cor responding  t o  t h e  71th p r o b l e u  i n  
a r r a y  Q Y 1  a f t e r  i t  i s  updated.  
SUBROIJTIUE TRMS FR 
A t r a n s f o r n a t i o n  n a t r l x  r e l a t i n g  two c o o r d i n a t e  sys tems,  ( 1 )  and ( 2 1 ,  i s  
used i n  t h i s  s u b r o u t i n e  t o  conpute  t h e  v e c t o r  conponents  r e l a t i v e  t o  
c o o r d i n a t e  system ( 2 )  from t h e  v e c t o r  conponents  r e l a t i v e  t o  c o o r d i n a t e  system 
(1). 
A r  gunen t L i  s t 
V I N  ( I n p u t )  Vector  whose components a r e  d e f i n e d  r e l a t i v e  t o  c o o r d i n a t e  
system 1. 
(Output )  Vector  whose conponents  a r e  d e f i n e d  r e l a t i v e  t o  
c o o r d i n a t e  sys tem 2.  
VOUT 
T ( I n p u t )  Transformat ion  m a t r i x .  The f i r s t  dimension in t h i s  a r r a y  
should  b e  g i v e n  a v a l u e  e q u a l  t o  t h e  f i r s t  dimension o f  t h e  
v a r i a b l e  TRAN i n  COM!!ON b lock  PAR171. 
( I n p u t )  Dimension of  t h e  s p a c e  under  c o n s i d e r a t i o n .  N 
SUBROUTINE XNORM 
T h i s  s u b r o u t i n e  computes t h e  components o f  t h e  u n i t  v e c t o r  normal t o  a 





Argunen t L i  s t 
DP 
FPNP 
( I n p u t )  Small p o s i t i v e  number used a s  a pe r tu rb ing  pararneter. 
( I n p u t )  Vector whose elements conta in  t h e  va lues  of t h e  c o n s t r a i n t  
func t ion  a t  p o s i t i o n s  per turbed from t h e  poin t  of i n t e r e s t  by DP 
a long  each of t h e  coord ina te  d i r e c t i o n s .  
( I n p u t )  Value of t h e  c o n s t r a i n t  func t ion  a t  t h e  po in t  of i n t e r e s t .  
(Output) Unit  vec to r  normal t o  t h e  c o n s t r a i n t  s u r f a c e .  
( I n p u t )  Number of des ign  parameters.  
( Inpu t )  P r o p o r t i o n a l i t y  cons tan t  used i n  t h e  chord method. 
( I n p u t )  Parameter determining t h e  procedure f o r  computing t h e  u n i t  






SUnROfJTINE (RFIDXY 2)  
This  subrout ine  s a t i s f i e s  t h e  flow boundary condi t ions .  
SU3ROTJTINE (FOSCE) 






This  subrout ine  r eads  I n  t h e  conputa t iona l  mesh from TAPE11. 
SUBROUTINE (IIJP'JT) 
Th i s  subrout ine  reads  t h e  input  d a t a  f o r  t h e  aerodynanic a n a l y s i s  code. 
SUBRO1JTINE (I.IETrlIC) 
Q u a n t i t i e s  which a r e  dependent on t h e  conputa t iona l  mesh a r e  computed i n  
t h i s  subrout ine .  
SUBROUTINE ( PRIdESII) 
T h i s  i s  t h e  main subrout ine  f o r  t h e  mesh genera t ion  program. 
i s  t o  c a l l  o t h e r  sub rou t ines  which compute t h e  mesh. 
w r i t t e n  on TAPE11. 
Its func t ion  
The mesh d a t a  i s  
STJSROIJTINE (STEP) 
Th i s  i s  t h e  subrout ine  which computes t h e  flow s o l u t i o n  a t  a new i t e r a t i v e  
s t e p .  
TR-444/07-88 25 
Program Output 
An I t e r a t i v e  h i s t o r y  showing t h e  I t e r a t i v e  time s t e p ,  t h e  r e s i d u a l ,  t h e  
power, t h e  e f f i c i e n c y ,  and t h e  d e s i g n  parameters  i s  p r i n t e d  o u t .  
i s  saved on TAPE40 f o r  t h e  purpose o f  producing  l i n e  p l o t s .  
w r i t t e n  I n  Subrout ine  (OUTPUT). 
S i m i l a r  d a t a  
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APPENDIX 
LIST OF SYHBOLS 
= i n c r e m e n t i n g  f a c t o r  f o r  Opt imiza t ion  scheme [ s e e  Equat ion (911 
= d e c r e n e n t i a g  f a c t o r  f o r  o p t i m i z a t i o n  scheme [ s e e  Equat ion (911 c2 
C = p o s i t i v e  c o n s t a n t  f o r  chord method [see Equat ion (711 
C = power c o e f f i c i e n t  
C = d e s i r e d  power c o e f f i c i e n t  
e “R 
E = o b j e c t i v e  f u n c t i o n  
P 
PO 
= u n i t  v e c t o r  a l o n g  t h e  P a x i s  
a, 
f = c o n s t r a i n t  f u n c t i o n  
a = s o l u t i o n  of t h e  f low govern ing  e q u a t i o n s  
‘“ 
= R t h  conponent o f  Q f  r e l a t i v e  t o  r o t a t e d  c o o r d i n a t e  s y s t e n  
= u n i t  v e c t o r  a l o n g  t h e  a x i s  w i t h  conponents  d e f i n e d  r e l a t i v e  t o  t h e  
b, 
e i “11 
u n r o t a t e d  d e s i g n  p a r a n e t e r  c o o r d i n a t e  system 




r o t a t e d  d e s i g n  p a r a n e t c r  c o o r d i n a t e  s y s t e n  
L = nunber of d e s i g n  p a r a n e t e r s  
4 
I 
P = v e c t o r  of d e s i z n  parameters  
? 
- 
= v e c t o r  of d e s i g n  p a r a n e t e r s  r e l a t i v e  t o  r o t a t e d  c o o r d i n a t e  s y s t e n  
= R t h  conponent o f  d e s i g n  parameter  v e c t o r  
= R th component o f  d e s i g n  parameter  v e c t o r  r e l a t i v e  t o  r o t a t e d  c o o r d i n a t e  
Y 





a i  = i n c r e n e n t a l  v e c t o r  used t o  update  t h e  v e c t o r  of  d e s i g n  parameters  
6P 
A Y  
= maxinun i n c r e n e n t a l  v a l u e  al lowed i n  u p d a t i n g  t h e  d e s i g n  parameters  
= nunber  of i t e r a t i v e  s t e p s  a t  which p i s  p e r i o d i c a l l y  updated 
na x 
E = s m a l l  p o s i t i v e  i n c r e m e n t a l  v a l u e  used t o  p e r t u r b  t h e  d e s i g n  
para  m e t  e r s 
rl = e f f i c i e n c y  
JI = f l o w  i t e r a t i v e  s o l u t i o n  
Superscript 8 
- 
n = i t e r a t i o n  number 
* = optinurn v a l u e  
A = r o t a t e d  c o o r d i n a t e  s y s t e n  
Subscripts 
?I = c o o r d i n a t e  s y s t e n  r o t a t e d  by t h e  modif ied scheme 
a 
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